The safety of drinking water from source areas is an important issue, and the fuzzy comprehensive assessment method is a useful evaluation approach. However, it has limitations due to its complicated calculation, as well as the effects of subjective factors on the results. The objective of the research is to develop an effective method with more objective results for tackling water environmental evaluation problems in drinking water source areas. In this study, a new method-i.e., the fuzzy comprehensive assessment method based on the entropy weight method-was proposed; a water environmental safety evaluation index system was built, and then the water environmental safety of the Heshangshan drinking water source area was evaluated. The results indicated that the water environment of the study area was substantially safe. Furthermore, water-saving measurements should be taken, the industrial structure should be optimized, investment in environmental protection should be increased, and the utilization ratio of water resources should be improved. It can be concluded that the proposed approaches were feasible and reasonable. It is the first attempt to develop such an evaluation method and index system for water environmental safety evaluation, which can provide references and decision support for the related researchers and managers.
Introduction
Drinking water is the most important natural resource necessary for human life and economic prosperity [1, 2] . The reservoirs of drinking water are important areas for the people who depend on them. Therefore, ensuring that drinking water areas remain clean is an important issue in the field of water environmental management, ecological protection, and economic and social growth [3] [4] [5] . Water environmental safety evaluation is a scientific and effective approach to identifying potential risks, assessing the safety level, and determining the water supply capacity of drinking water source areas [6, 7] .
Materials and Methodology

Study Area
The Yangtze River is the third longest river in the world, which stretches 6300 kilometers and flows through 16 provinces (municipality cities, autonomous regions) of China. The Three Gorges Dam, located in the Yangtze River, is the largest one in the world and plays a key role in flood control, power generation, and shipping. After the construction of the Three Gorges Dam, the channel regime of the reservoir area changed, which reduced the ability of the water bodies in Three Gorges Reservoir area for self-purification, and possibly threatened water environmental safety in general [25] . The HDWSA in Jiulongpo district of Chongqing city is one of the most important drinking water source areas of the Three Gorges Reservoir area, servicing 980,000 citizens. It covers the area from 106 • 31 20 E to 106 • 32 25 E and 29 • 30 43 N to 29 • 31 22 N, as shown in Figure 1 . Its length is 1100 m, and its width is about 1000 m, and the area is about 1.10 km 2 . According to the related division standard, the water quality of the HDWSA should meet the requirements of level III in environmental quality standards for surface water (GB3838-2002) [26] . 
Methodology
Fuzzy Comprehensive Assessment Method
FCA is a synthetical assessment method that applies a maximum membership degree principle and fuzzy mathematics theory to evaluate systems affected by various factors [27, 28] . The specific steps of FCA are as follows:
(1) Defining the factor set, i.e., U = {u1, u2, …, ui, …, um}, which is a set consisting of m kinds of evaluation factors, and ui is the ith evaluation factor. (2) Establishing the evaluation set V = {v1, v2, …, vj, …, vn}, which is a discrete set made up of n levels of evaluation results, and vj is the jth evaluation result. 
where m is the number of indexes, yr is the year for evaluation, and xik (1 ≤ I ≤ m, 1 ≤ k ≤ yr) is the value of the ith index in the kth year. (4) Determining the weight matrix A = {a1, a2, …, am}, which is a set composed of m kinds of index weights which indicate the importance of various evaluation indexes. (5) Constructing the single factor evaluation matrix Q by membership function, where Q is a fuzzy relationship matrix that consists of the membership degrees of ui to vj. The matrix is: 
Methodology
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(1) Defining the factor set, i.e., U = {u 1 , u 2 , . . . , u i , . . . , u m }, which is a set consisting of m kinds of evaluation factors, and u i is the ith evaluation factor. (2) Establishing the evaluation set V = {v 1 , v 2 , . . . , v j , . . . , v n }, which is a discrete set made up of n levels of evaluation results, and v j is the jth evaluation result.
(3) Building the original matrix X, 
where m is the number of indexes, yr is the year for evaluation, and
is the value of the ith index in the kth year. (4) Determining the weight matrix A = {a 1 , a 2 , . . . , a m }, which is a set composed of m kinds of index weights which indicate the importance of various evaluation indexes.
(5) Constructing the single factor evaluation matrix Q by membership function, where Q is a fuzzy relationship matrix that consists of the membership degrees of u i to v j . The matrix is: 
where q ij is the membership degree of factor u i to v j .
(6) Obtaining the comprehensive evaluation set B, which is a set made up of n kinds of evaluation results by fuzzy operating of the single factor evaluation matrix and weight matrix.
Improved Fuzzy Comprehensive Assessment Method
As mentioned above, FCA has a complicated calculating process for determining weight under the condition of excessive indexes in an index system. Furthermore, subjective results may be obtained by FCA due to its objective in the process of weight determination. To mitigate these concerns, the entropy weight method is introduced into FCA for weight determination, considering it can utilize information of evaluation factors effectively and objectively. The existing FCA method is mainly through the subjective assignment method (such as the analytic hierarchy process) to determine the weight. The calculation is complicated on the condition of that there are too many indexes in WESEIS. However, the improved FCA used an objective, simple method (the entropy weight method) to determine the weights. As for the entropy weight method, the weights are determined based on the relationships among the indexes. It can reflect and reveal the intrinsic characteristics and relevance of the indexes, avoid the influences of subjective factors, and improve the scientificity of the evaluation result. Therefore, the improved model-i.e., fuzzy comprehensive assessment method based on the entropy weight method (EW-FCA)-could simplify and objectify the evaluation process, reflect information of the evaluation indexes more adequately, and acquire more objective results.
In the enhanced model, the weight determination of the indexes is improved as follows:
(1) Standardizing the indexes and building the standardization matrix Y = (y ij ) m × yr (m is the number of indexes, yr is the year for evaluation), which will be explained specifically in Section 2.2.3. Then, the proportion of each index (p ik ) is determined as follows:
where p ik is the proportion of the ith index in the kth year. (2) Calculating the information entropy (e i ) by
where c = 1/lnyr. In addition, if
Obtaining the weights of indexes by
where a i is the final weight of the ith index, and the weight matrix is formed as A = {a 1 , a 2 , . . . , a m }.
When an index has a small entropy value, it plays an important role and has a large weight value in comprehensive evaluation, and vice versa. Compared to the original model, it can be found that EW-FCA takes full consideration of information of evaluation indexes and their relationships, improves objectivity of the results, and simplifies the calculation process.
Standardization
In a multi-index system, dimensions as well as magnitudes of indexes are various, and therefore standardization of index values is necessary before weight determination and compressive evaluation. Standardization can eliminate the differences of dimensions and magnitudes for various indexes, and render them dimensionless. As mentioned above, there are two types of indexes (benefit and cost) in the index system for compressive evaluation. Regarding benefit index, the higher the value is, the greater the objective value is, and vice versa. For convenience, symbol "↑" is used to reflect benefit indexes, whereas symbol "↓" is adopted to express cost ones.
The standardization processes are as follows:
(1) Building the original matrix
(2) For a benefit index, the standardized x ik , i.e., y ik is calculated as
is the value of the ith index in the kth year, y ik is the standardization value of a benefit index x ik . (3) As for a cost index, the standardization equation is
where meanings of the symbols were the same as those in Formula (8).
Results and Discussion
Water Environmental Safety Evaluation Index System
The PSR (Pressure-State-Response) model was an effective and popular method for dealing with environmental safety issues, such as watershed ecological safety, estuarine nutritional status, water environmental safety, and so on. Therefore, it was adopted in this research to build WESEIS of HDWSA due to its scientificity and feasibility. In the model, 'pressure' referred to human activities affecting the water environment, including water resource utilization, pollutant discharge and so on; 'state' was the system status of resources, environment, economy, and society; 'response' meant effective countermeasures for environmental protection. The frame of the PSR model is shown in Figure 2 . Based on field research and data collection, WESEIS, including four layers (the destination layer, criterion layer, index layer, and subindex layer) [29] [30] [31] , was built based on the PSR model for assessing the water environmental safety status of the study area. The destination layer represented the final evaluation objective (i.e., the safety level of the water environment for HDWSA). Furthermore, the criterion layer was consisted of pressure, state, and response; the index layer included water resources, pollution source, and its discharge, social economy, water quantity, water quality, environmental protection, and industrial structure. The subindex layer was constructed based on the status of the research area and contained 21 subindexes, such as per capita water resources, per capita domestic water consumption, ammonia nitrogen discharge amount, and so on.
The WESEIS of HDWSA is shown in Table 1 . The year of 2014 was chosen for evaluation, and the subindexes data are shown in Table 2 . Some data used in this research, including per capita domestic water consumption, annual irrigation water consumption per hectare, daily water supply amount of a project, ratio of wastewater and runoff, annual rainfall, and industrial water consumption per 10,000 RMB (ton/10,000 RMB), were collected from the literature titled Water Resources Communique of Chongqing [32] . In addition, values of several indexes, covering per capita water resources, the number of industrial enterprises beyond designed scale, natural population growth rate, population density, per capita GDP, wastewater discharge of per unit GDP, wastewater treatment rate of sewage plants, governance rate of soil and water loss, as well as the proportion of tertiary industry, were obtained from the Chongqing Statistical Yearbook [33] . Moreover, the COD discharge amount, ammonia nitrogen discharge amount, and investment rate of environmental protection were acquired from the literature titled Chongqing Environmental Bulletin [34] . Other subindexes, (the standard-meeting rate of drinking water for drinking water source areas, eutrophication section percentage of influents in the Three Gorges reservoir area, and vegetation cover rate) were gained from the literature titled Environmental Brief Report of Chongqing [35] . Based on field research and data collection, WESEIS, including four layers (the destination layer, criterion layer, index layer, and subindex layer) [29] [30] [31] , was built based on the PSR model for assessing the water environmental safety status of the study area. The destination layer represented the final evaluation objective (i.e., the safety level of the water environment for HDWSA). Furthermore, the criterion layer was consisted of pressure, state, and response; the index layer included water resources, pollution source, and its discharge, social economy, water quantity, water quality, environmental protection, and industrial structure. The subindex layer was constructed based on the status of the research area and contained 21 subindexes, such as per capita water resources, per capita domestic water consumption, ammonia nitrogen discharge amount, and so on.
The WESEIS of HDWSA is shown in Table 1 . The year of 2014 was chosen for evaluation, and the subindexes data are shown in Table 2 . Some data used in this research, including per capita domestic water consumption, annual irrigation water consumption per hectare, daily water supply amount of a project, ratio of wastewater and runoff, annual rainfall, and industrial water consumption per 10,000 RMB (ton/10,000 RMB), were collected from the literature titled Water Resources Communique of Chongqing [32] . In addition, values of several indexes, covering per capita water resources, the number of industrial enterprises beyond designed scale, natural population growth rate, population density, per capita GDP, wastewater discharge of per unit GDP, wastewater treatment rate of sewage plants, governance rate of soil and water loss, as well as the proportion of tertiary industry, were obtained from the Chongqing Statistical Yearbook [33] . Moreover, the COD discharge amount, ammonia nitrogen discharge amount, and investment rate of environmental protection were acquired from the literature titled Chongqing Environmental Bulletin [34]. Other subindexes, (the standard-meeting rate of drinking water for drinking water source areas, eutrophication section percentage of influents in the Three Gorges reservoir area, and vegetation cover rate) were gained from the literature titled Environmental Brief Report of Chongqing [35]. Table 1 were chosen as evaluation factors to build the factor set U = {u 1 , u 2 , . . . , u 21 } = {per capita water resources, per capita domestic water consumption, . . . , proportion of tertiary industry}. According to the national standards and the status quo of the study area, the evaluation set V of water environmental safety in the HDWSA was divided into five levels (I, II, III, IV, and V) (i.e., V = {v 1 , v 2 , v 3 , v 4 , v 5 }). For the destination layer, the five levels meant the water environment of the HDWSA was very safe, relatively safe, substantially safe, relatively unsafe, and unsafe, respectively. Specifically, level I stood for the safest situation, which showed that the drinking water source area had a great capacity to contain pollutants and a small risk of losing drinking water supply ability. On the contrary, level V meant the worst situation, which indicated that water resources were over-explored, that the aqueous environment was deteriorative, and that water environmental safety was under great threat. Level III was a medium state, which demonstrated that the situation of the water environment was substantially safe and there were still potential risks to water resource utilization. Furthermore, level II (between level I and level III), as well as level IV (between level III and level V), expressed relatively safe and relatively unsafe grades, respectively. As for the other layers, five levels of evaluation set V represented a criterion, index, or subindex that were excellent, good, substantially good, poor, and very poor for ensuring water environmental safety. As shown in Table 3 , V for each subindex had values in five levels according to previous studies, national conditions, regional regulations, and the status quo of the study area [36] . 
Weight Determination
The original matrix X = (x ik ) 21×5 was standardized based on Formulas (8) and (9), and then the standardization matrix Y = (y ik ) 21×5 was obtained. According to Formulas (4)- (6), weights of the evaluation index system could be calculated as Table 4 shows. Furthermore, the index weight was the sum of those about its subindexes (e.g., the weight of P1 was the sum of weights of D1, D2, and D3), and the same was true of the criterion weight. 
Comprehensive Evaluation
Water environmental safety was a fuzzy concept, which can be quantified by the evaluation standard, and therefore membership degree function was a feasible and reasonable method to evaluate it. To develop a comprehensive evaluation, single-factor fuzzy evaluation was carried out, and its membership degree function was determined as follows:
For a benefit subindex,
where x was the original value of the subindex, f j (x) (j = 1, 2, 3, 4, 5) was the membership degree function, x 1 , x 2 , x 3 ,and x 4 were the boundary values of evaluation set V for the evaluation subindexes. For a cost subindex,
where meanings of the symbols were the same as those in Formula (10). Utilizing the value of each evaluation subindex and V for each subindex in Table 2 , the membership degree q ij was calculated on the basis of Equations (10) and (11) . Moreover, each subindex had five membership degrees corresponding to five levels of evaluation set V, being excellent, good, substantially good, poor, and very poor for the water environmental safety of the HDWSA. Then, the single factor evaluation matrix Q was built, which was formed by the membership degrees of all subindexes to evaluation set V. In other words, Q reflected the evaluation results of the subindexes (Table 5) . Based on Formula (3) and index weights showed in Table 4 , comprehensive evaluation matrix B was obtained. Evaluation matrixes for index B 1 , B 2 , . . . , and B 7 were calculated by Q and the weights of the subindex layer. Similarly, those for criteria B p , B s , and B r were determined. Comprehensive evaluation results of the index and criterion layers were shown in Table 6 . The final comprehensive evaluation matrix B (the evaluation matrix of the destination layer) for the HDWSA was achieved based on the weights and evaluation results of the criterion layer. The calculation process was as follows: 
Considering the principle of maximum membership degree, the water environmental safety level of the HDWSA was obtained as shown in Table 7 . As shown in Table 7 , the membership degree of the destination layer to v 3 0.304 was the maximum value, which indicated that the water environmental safety level of the HDWSA belonged to level III. In other words, the water environment of the HDWSA was substantially safe in 2014. As for that of v 2 , it equaled 0.303 and meant that some of the indexes were considered relatively safe. As far as those of v 1 , v 4 , and v 5 were concerned, the value of v 1 meant several indexes were good for water environmental safety, whereas values of v 4 , and v 5 indicated that individual ones were undesired.
The evaluation result of the water environmental safety for the HDWSA can be analyzed from pressure, state, and response, each of which had different effects on the result. State had the most significant effect, followed by response and pressure, which is reflected by their respective weight values of 0.4198, 0.3025, and 0.2777. With respect to pressure in various layers of WESEIS, their comprehensive evaluation results were discussed as follows: As far as membership degrees of the P criterion to evaluation set V were concerned, those to v 2 , v 4 , and v 5 were 0.453 (the maximum value), 0.072, and 0 respectively (Table 6) , which indicated that the P criterion was good for the water environment of the HDWSA. According to the membership degrees of P1 and P2 to evaluation set V, P1 as well as P2 of the HDWSA were all in level II, and P2 was more beneficial for the water environmental safety. For membership degrees of the subindexes for pressure (D1-D6) to evaluation set V, they were in level II, except that of per capita water resources (D1). D1 was substantially good for the objective, and the reason was that the location area of the HDWSA has abundant water resources but a large population, meanwhile water resources per capita was not very high. In addition, comprehensive evaluation results concerning the state of various layers of the evaluation index system were discussed as follows: S was in level II and its membership degrees to v 4 and v 5 were small (0.129 and 0.152, respectively), which indicated that S was good for water environmental safety and there were still some aspects needed to be improved. By analyzing the membership degrees of individual subindexes for state (D7-D16) to evaluation set V, it could be found that the membership degrees of some subindexes in v 4 and v 5 were relatively large. Therefore, for promoting the water environmental safety of the HDWSA, more attention should be paid to those subindexes, including the natural population growth rate D7, water consumption per 10,000 yuan of value added by industry D12, and the eutrophication section percentage of influents in the Three Gorges reservoir area D16. Furthermore, the effects of R, R1, R2, as well as D17-D21 on the evaluation result were also revealed as below. As far as the response criterion was concerned, R was in level III for its membership degree to v 3 , in which 0.361 was the maximum. However, the membership degrees of R to v 4 and v 5 were 0.272 and 0.091, which meant efforts were also expected in some fields. In detail, the vegetation cover rate (D18) to v 5 was 0.390, and the investment rate of environmental protection (D20), as well as proportion of tertiary industry (D21) to v 4 , reached 0.464 and 0.258 respectively. Hence, more work should focus on those subindexes, especially the vegetation cover rate (D18). According to the actual situation of HDWSA, a water pollution accident has not occurred in recent years. Therefore, the evaluation result, that the water environment of HDWSA was substantially safe, is reasonable and reliable.
Conclusions
This study developed a new model-i.e., the fuzzy comprehensive assessment method based on the entropy weight method-and built a water environmental safety evaluation index system for drinking water source areas based on the PSR model. In addition, taking the Heshangshan drinking water source area in the Three Gorges Reservoir area as the study area, the water environmental safety evaluation was advanced on the basis of the proposed model and the evaluation index system. The water environmental safety evaluation index system was a synthetic and effective one, which covered three aspects (pressure, state, and response), and consisted of 21 subindexes related to water resources; pollution source and its discharge; social economy; water quantity; water quality; environmental protection; and industrial structure. The results showed that the water environment of the drinking water source area was substantially safe, water resource exploitation was comparatively rational, and water quality-as well as quantity-could satisfy regional demands. As far as pressure was concerned, the subindex of per capita water resources was not ideal for the location of the Heshangshan drinking water source, which had abundant water resources but also a large population. As for state, there were some potential risks to the water environment in the drinking water source area and more attention should be paid to the natural population growth rate, water consumption per 10,000 yuan of value added by industry, and the eutrophication section percentage of influents in the Three Gorges reservoir area. As for response, some measures (governance of soil and water loss and wastewater treatment) had been effective, whereas several aspects should be improved, such as the vegetation cover rate, investment rate of environmental protection, and proportion of tertiary industry. Hence, measures of promoting water-saving, implementing reasonable irrigation, increasing the utilization ratio of water resources, optimizing industrial structure, and increasing investment in environmental protection should be considered effective ways to ensure the water environmental safety of the Heshangshan drinking water source area. In conclusion, the fuzzy comprehensive assessment method based on entropy weight was an effective and feasible method for determining the water environmental safety level, and the index system was a scientific and reasonable approach to the water environmental safety evaluation.
This study is the first attempt to develop a new evaluation method based on the fuzzy comprehensive assessment method and the entropy weight method, and it build a new evaluation index system for water environmental safety based on the PSR model, which can provide references and decision support for related researchers and managers. Furthermore, the new evaluation method and index system were also applied in the water environmental safety evaluation for the Heshangshan drinking water source area. In the future, a foundation database will be built and an environmental risk evaluation for drinking water source areas will be developed.
